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SUMMARY 

A computer code has been developed t o  pe r fo rm s t r u c t u r a l  o p t i m i z a t i o n  of 
t u r b i n e  b lades made from ang le  p l y  f i b e r  composite l am ina tes .  Design v a r i a -  
b l e s  a v a i l a b l e  for o p t i m i z a t i o n  i n c l u d e  geomet r ic  parameters such as b lade  
t h i c k n e s s  d i s t r i b u t i o n  and root chord,  and composite m a t e r i a l  parameters such 
as p l y  angles and numbers of p l i e s  o f  each c o n s t i t u e n t  m a t e r i a l .  Design con- 
s t r a i n t s  i n c l u d e  resonance marg ins,  f o r c e d  response marg ins,  maximum s t r e s s ,  
and maximum p l y  combined s t r e s s .  A genera l  d e s c r i p t i o n  o f  t h i s  code i s  g i v e n .  
Design o p t i m i z a t i o n  s t u d i e s  f o r  t y p i c a l  b lades  a re  presented .  

INTRODUCTION 

The des ign  o f  composite t u r b i n e  b lades i s  a v e r y  complex problem i n v o l v i n g  
a l a r g e  number o f  des ign  v a r i a b l e s  and c o n s t r a i n t s .  
s e c t i o n  i s  se lec ted ,  t he  spanwise t h i c k n e s s  d i s t r i b u t i o n ,  root chord,  p l y  
th i cknesses  and ang les ,  and b lade  c r o s s - s e c t i o n  s t a c k i n g  a re  a l l  a v a i l a b l e  t o  
h e l p  meet performance c o n s t r a i n t s .  

Even a f t e r  a b lade  c ross-  

S t r u c t u r a l  o p t i m i z a t i o n  p rov ides  a f o r m a l ,  automated procedure for  s o l v i n g  
such complex des ign  problems.  Recent research  a t  t h e  NASA L e w i s  Research 
Center  has l e d  t o  the  development o f  STAEBL ( S t r u c t u r a l  T a i l o r i n g  o f  Engine 
Blades)  ( f i g .  1 ,  r e f s .  1 and 21,  which a p p l i e d  s t r u c t u r a l  o p t i m i z a t i o n  tech-  
n iques  t o  t u r b i n e  b lade des ign .  C a p a b i l i t i e s  have been added t o  STAEBL which 
make i t  a s tand-a lone p o r t a b l e  computer code STAEBL/GENCOM f o r  hygrothermal  
mechanical t a i l o r i n g  of composite t u r b i n e  b lades .  
i s  t o  desc r ibe  these c a p a b i l i t i e s .  

The o b j e c t i v e  o f  t h i s  paper 

STAEBL/GENCOM can be used t o  s t r u c t u r a l l y  t a i l o r  composite b lades  sub- 
j e c t e d  to  c e n t r i f u g a l ,  gas dynamic (p ressu re ) ,  thermal ,  and mo is tu re  loads .  
The thermal and mechanical p r o p e r t i e s  a re  tempera ture  and moi s t u r e  dependent. 
Design v a r i a b l e s  i n c l u d e  b lade geometry v a r i a b l e s  such as the  t h i c k n e s s  d i s t r i -  
b u t i o n ,  root  chord, and b lade  c ross -sec t i on  s t a c k i n g .  The b lade i s  made o f  
groups o f  p l i e s  c o n s i s t i n g  o f  up t o  seven d i f f e r e n t  composite m a t e r i a l s .  
t he  p l y  angles and t h e  numbers o f  p l i e s  i n  each group a r e  des ign  v a r i a b l e s .  
Th is  a l l o w s  o p t i m i z a t i o n  o f  t h e  b lade m a t e r i a l .  
resonance marg ins,  fo rced v i b r a t i o n  response, t i p  d isp lacements,  and maximum 
root and p l y  combined s t r e s s e s .  Other  program f e a t u r e s  i n c l u d e  da ta  t r a n s f e r  
from f i n i t e  element models and a s tand-a lone program v e r s i o n .  

Both 

C o n s t r a i n t s  can be imposed on 



NOMENCLATURE 

E Young's modulus 

Eo Young's modulus a t  r e f e r e n c e  tempera ture  and z e r o  mo is tu re  

M c u r r e n t  mo is tu re  percentage by we igh t  

T c u r r e n t  temperature 

TGD dry g l a s s  t r a n s i t i o n  temperature 

TGW w e t  g l a s s  t r a n s i t i o n  tempera ture  

To r e f e r e n c e  temperature 

a thermal expansion c o e f f i c i e n t  

a0 thermal  expansion c o e f f i c i e n t  a t  r e f e r e n c e  tempera ture  and ze ro  mo is tu re  

THE ORIGINAL STAEBL PROGRAM 

The o r i g i n a l  v e r s i o n  o f  STAEBL was developed by P r a t t  & Whitney under con- 
t r a c t  t o  NASA L e w i s .  I t  combines t h e  o p t i m i z a t i o n  program COPES/CONMIN w i t h  a 
s p e c i a l  b lade  geometry p reprocessor  and f i n i t e  element a n a l y s i s  program as 
desc r ibed  i n  r e f e r e n c e  1 .  The o p t i m i z a t i o n  a l g o r i t h m  implemented by COPES/ 
CONMIN i s  t h e  method o f  f e a s i b l e  d i r e c t i o n s .  T y p i c a l  des ign  v a r i a b l e s  i n c l u d e  
b lade  th i ckness  d i s t r i b u t i o n  and root chord.  
o n l y  by s i m i l a r i t y  t r a n s f o r m a t i o n s  and s t r e t c h i n g  a l o n g  t h e  chord a x i s .  Typ i -  
c a l  cons t ra ined  q u a n t i t i e s  i n c l u d e  resonance marg ins on the  Campbell diagram, 
root s t r e s s ,  and t h i c k n e s s  t o  chord  r a t i o s .  The b lade  i s  loaded by c e n t r i f u g a l  
s t r e s s e s  o n l y .  I n  o r d e r  t o  a p p l y  t h i s  program to  composite b lade des ign ,  i t  
was m o d i f i e d  and augmented as desc r ibed  i n  t h e  f o l l o w i n g  s e c t i o n s .  

The b lade  p r o f i l e s  a re  changed 

HYGROTHERMAL STRESS ANALYSIS 

Because STAEBLIGENCOM models the  b lade w i t h  t r i a n g u l a r  p l a t e  e lements,  
t h e  b lade temperature and m o i s t u r e  d i s t r i b u t i o n s  a r e  assumed t o  be g i v e n  a t  
each g r i d  p o i n t  by a mean va lue ,  a th rough- th ickness  g r a d i e n t ,  and because o f  
d i f f e r e n t  m a t e r i a l  p r o p e r t i e s  th rough t h e  t h i c k n e s s ,  by a th rough- th ickness  
q u a d r a t i c  t e r m .  Two types  o f  temperature and m o i s t u r e  i n p u t  a re  a l lowed:  the  
nodal q u a n t i t i e s  can be s p e c i f i e d  a t  each p o i n t ,  or they  can be computed from 
known su r face  d i s t r i b u t i o n s  u s i n g  q u a d r a t i c  c u r v e f i t s  w i t h  c o e f f i c i e n t s  spec i -  
f i e d  by t h e  use r .  E q u i v a l e n t  nodal thermal  and h y g r a l  f o r c e s  a re  computed i n  
the  usual  way and a re  added t o  t h e  nodal c e n t r i f u g a l  f o r c e s .  The s t r e s s  
recovery  procedure compensates for f r e e  thermal  and h y g r a l  expansion. Boundary 
c o n d i t i o n s  a l l o w  f r e e  expansion a long  the  b lade root .  

TEMPERATURE DEPENDENT MECHANICAL AND THERMAL PROPERTIES 

The new program v e r s i o n  p e r m i t s  t h e  e l a s t i c  modul i  t o  v a r y  w i t h  element 
temperature T acco rd ing  t o  t h e  fo rmu la  
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E = E [(TGD 1 :J]’l2 
O T~~ 

S ince  Eo 
cons tan ts  shou 
thermal  expans 

TGD, and To a re  a l l  user  i n p u t ,  s u i t a b l e  cho ices  f o r  these 
d g i v e n  enough accuracy f o r  most a p p l i c a t i o n s  S i m i l a r l y ,  t h e  
on c o e f f i c i e n t  v a r i e s  w i t h  temperature accord  ng t o  

-1 /2  

a = a [(TGD 1 iJ] 
O T~~ 

E q u i v a l e n t  p r o p e r t i e s  for composite m a t e r i a l s  a r e  computed u s i n g  lamina- 
t i o n  t h e o r y  ( r e f .  3 ) .  

TEMPERATURE AND MOISTURE-DEPENDENT MECHANICAL AND THERMAL PROPERTIES 

The e l a s t i c  cons tan ts ,  and t h e  thermal  and m o i s t u r e  expansion c o e f f i c i e n t s  
a re  assumed to  v a r y  w i t h  mo is tu re  and tempera ture  acco rd ing  t o  t h e  genera l  
f o rmu la  ( r e f .  4 ) .  

where 

and 

T = c u r r e n t  temperature 

To = r e f e r e n c e  temperature ( i n p u t )  

EXP = a c h a r a c t e r i s t i c  exponent ( i n p u t )  

TGD = a c h a r a c t e r i s t i c  temperature ( i n p u t )  

M = c u r r e n t  mo is tu re  pe rcen t  by we igh t  

EXP 

COMPOSITE BLADE PREPROCESSING 

STAEBL/GENCOM can ana lyze  and o p t i m i z e  a composite b lade  c o n t a i n i n g  groups 
o f  p l i e s  c o n s i s t i n g  o f  up t o  seven d i f f e r e n t  m a t e r i a l s .  
p l y  th icknesses ,  p l y  angles,  and p l y  thermomechanical p r o p e r t i e s .  The number 
o f  p l i e s  i n  each group, and t h e  p l y  angles a re  p o s s i b l e  des ign  v a r i a b l e s  f o r  
o p t i m i z a t i o n .  The program assumes t h a t  t h e  p l y  l ayup  i s  symmetric, and t h a t  
t he  p l y  angles i n  each group have the  same magnitude and a l t e r n a t i n g  s igns .  
The program can a l s o  handle b lades made from h y b r i d  composites as d e p i c t e d  i n  
f i g u r e  2 .  

The user  s u p p l i e s  t h e  
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The number o f  p l i e s  i n  each group i s  a d j u s t e d  so t h a t  t h e  a i r f o i  
t h i ckness  i s  never  exceeded. The o u t e r  p l y  group i s  a lways p resen t .  
des ign  th i ckness  i s  s u f f i c i e n t ,  groups o f  p l i e s  o f  cons tan t  t h i c k n e s s  
remain ing  m a t e r i a l s  a r e  added. The number o f  i n n e r  p l i e s  i s  v a r i a b l e  
a d j u s t e d  so t h a t  t h e  des ign  t h i c k n e s s  i s  ach ieved.  

des ign  

and i s  

I f  t h e  
o f  the  

STATIC  PRESSURE LOADS 

STAEBLIGENCOM a l l o w s  user  i n p u t  o f  r e s u l t a n t  gas dynamic p ressures  on each 
element.  The pressures  a r e  r e p l a c e d  by s t a t i c a l l y  e q u i v a l e n t  nodal  f o r c e s .  
These f o r c e s  a r e  added t o  t h e  c e n t r i f u g a l  and thermal  loads .  Thus, t h e  t o t a l  
s t a t i c  l oad  i s  t h e  r e s u l t a n t  o f  c e n t r i f u g a l ,  t he rma l ,  m o i s t u r e ,  and p ressu re  
1 oads . 

FATIGUE LIFE ANALYSIS 

The o r i g i n a l  STAEBL program ana lyzed f a t i g u e  l i f e  u s i n g  t h e  Goodman d i a -  
I t  had a hard-coded f o r c i n g  f u n c t i o n  a p p r o p r i a t e  f o r  o n l y  one s p e c i f i c  gram. 

b lade.  I n  STAEBLIGENCOM, t h e  f o r c i n g  f u n c t i o n  i s  a m u l t i p l e  o f  t h e  s t a t i c  
p ressure  d i s t r i b u t i o n  a t  t h e  b lade  n a t u r a l  f r e q u e n c i e s  which cause t h e  g r e a t e s t  
f a t i g u e  s t r e s s .  

The r e q u i r e d  m u l t i p l e  of t h e  s t a t i c  p ressure ,  and t h e  s t a t i c  and dynamic 
, l i m i t s  on t h e  Goodman d iagram a r e  a l l  use r  i n p u t .  STAEBLIGENCOM models thermal  
e f f e c t s  on f a t i g u e  l i f e  by a u t o m a t i c a l l y  making the  s t a t i c  and dynamic l i m i t s  
va ry  w i t h  tempera ture  l i k e  t h e  e l a s t i c  cons tan ts .  

T I P  DISPLACEMENT CONSTRAINTS 

Excess ive u n t w i s t  and uncamber under l o a d  c o u l d  cause s i g n i f i c a n t  engine 
power losses .  
ments. STAEBLIGENCOM a l l o w s  u n t w i s t ,  uncamber, and t i p  e x t e n s i o n  to  be 
s e l e c t e d  as c o n s t r a i n t s  on the  o p t i m a l  des ign .  

Composite b lade  des ign  must t h e r e f o r e  cons ide r  t i p  d i s p l a c e -  

IMPROVED EXECUTION T I M E  AND STAND-ALONE ANALYSIS CAPABILITIES 

The STAEBL program r e q u i r e s  an aerodynamic b lade geometry d e s c r i p t i o n  com- 
Each c r o s s - s e c t i o n  i s  modeled by dense ly  spaced 

STAEBL conver t s  t h i s  d e s c r i p t i o n  i n t o  
monly used by  b lade des igners .  
p o i n t s  which surround the  c ross -sec t i on .  
a f i n i t e  element model based on t r i a n g u l a r  p l a t e  e lements.  
b a t i o n s  generated by the  f e a s i b l e  d i r e c t i o n s  method a r e  a p p l i e d  t o  t h e  aero- 
dynamic b lade d e s c r i p t i o n .  There fore ,  each t r i a l  des ign  must i nvoke  a 
preprocessor  t o  c o n v e r t  t h e  aerodynamic d e s c r i p t i o n  t o  a f i n i t e  e lement  
d e s c r i p t i o n .  
f i n i t e  element model. 
model. 

The des ign  p e r t u r -  

STAEBL/GENCOM i n c l u d e s  an o p t i o n  which a l l o w s  d i r e c t  i n p u t  o f  a 
Design p e r t u r b a t i o n s  a r e  c a r r i e d  o u t  d i r e c t l y  on t h i s  

Approx imate ly  12 p e r c e n t  t ime  sav ings can be o b t a i n e d  u s i n g  t h i s  
ve r  s i on. 

The o r i g i n a l  program v e r s i o n  invoked IMSL 1 
m a t r i x  ope ra t i ons  r e q u i r e d  by f i n i t e  e lement  ana 
inc ludes  replacements f o r  these l i b r a r y  r o u t i n e s  

4 

b r a r y  r o u t i n e s  t o  p e r f o r m  t h e  
y s i s .  The new v e r s i o n  

The program can execute 



~ ~~ ~ ~~~~ 

i ndependent ly  o f  the  IMSL l i b r a r y  
where t h i s  l i b r a r y  i s  n o t  a v a i l a b  
l i b r a r y  a re  a v a i l a b l e .  

and can, t h e r e f o r e ,  be used a t  
e .  However, user  o p t i o n a l  c a l  

OFFSET DESIGN VARIABLES 

Blade c ross -sec t i on  s t a c k i n g  i s  d e f i n e d  by t h e  curve  formed 

i n s t a l l a t i o n s  
s t o  IMSL 

by t h e  cen te rs  
o f  g r a v i t y  of the  spanwi se blade-cross-section;. The d e v i a t i o n  of- t h i s  curve  
from a s t r a i g h t  l i n e  p e r p e n d i c u l a r  t o  t h e  engine a x i s  i s  c a l l e d  " o f f s e t . "  

O f f s e t  i s  determined by v a r i a b l e s  A, B, C, D, E, and F th rough  t h e  equa t ions  
O f f s e t  has been made a v a i l a b l e  as a des ign  v a r i a b l e  i n  STAEBLIGENCOM. 

X = A Z  + BZ2 + CZ3 

Y = DZ + €22 + ~ 2 3  

where 2 i s  a spanwise v a r i a b l e ,  X i s  t r ansve rse ,  and Y i s  chordwise.  

O f f s e t  i s  used by b lade des igners  t o  balance t h e  c e n t r i f u g a l  and aero- 
dynamic p ressure  loads on a b lade.  
s t a t i c  s t r e s s .  

The goal  o f  t h i s  procedure i s  t o  reduce t h e  

DEMONSTRATION CASES 

STAEBLIGENCOM was a p p l i e d  t o  o p t i m i z e  the  des ign  of a sample composi te  
b lade.  A propfan b lade geometry was assumed, b u t  t h e  b lade  was assumed t o  be 
e n t i r e l y  graphi te-epoxy.  The composite layup c o n s i s t e d  o f  an o u t e r  group o f  
p l i e s ,  two midd le  groups of p l i e s ,  and a core  group o f  p l i e s .  
t r y  was t h a t  o f  an e x i s t i n g  b lade,  and i s  a l r e a d y  n e a r l y  o p t i m a l .  

The b lade  geome- 

I n  a first study,  t he  b lade was s u b j e c t  to  c e n t r i f u g a l  loads  o n l y .  The 
minimum weigh t  des ign  was sought s u b j e c t  t o  r e p r e s e n t a t i v e  des ign  requ i rements .  
The i n i t i a l  des ign  v i o l a t e d  the  c o n s t r a i n t  on p l y  combined s t r e s s  i n  t h e  o u t e r  
p l i e s  a t  t h e  root.  The i n i t i a l  and f i n a l  b lade geometr ies a r e  compared g raph i -  
c a l l y  i n  f i g u r e  3. 
t h e  p l y  ang le  i n  the  outer l a y e r .  
b l e s  i n  the  i n i t i a l  and o p t i m i z e d  des igns appear i n  f i g u r e  4 .  

STAEBLjGENCOM a l s o  recommended a s l i g h t  r e o r i e n t a t i o n  o f  
Comparisons between t h e  c o n s t r a i n e d  v a r i a -  

I n  a second study,  t h e  same b lade  was analyzed s u b j e c t  to  c e n t r i f u g a l  and 
to  thermal  and mo is tu re  loads b e l i e v e d  t o  be r e p r e s e n t a t i v e  for  such b lades .  
The op t im ized  des ign weighs about  5 pe rcen t  more than t h e  des ign  o p t i m i z e d  f o r  
c e n t r i f u g a l  loads a lone.  The i n i t i a l  and f i n a l  des igns a re  compared i n  f i g -  
u r e  5, and t h e  cons t ra ined  v a r i a b l e s  a re  compared i n  f i g u r e  6.  

The separate e f f e c t s  o f  temperature and m o i s t u r e  i n  o p t i m a l  des ign  a re  
shown i n  t a b l e s  I and 11. These t a b l e s  compare des igns o p t i m i z e d  under cen- 
t r i f u g a l  loads a lone,  c e n t r i f u g a l  and thermal loads ,  c e n t r i f u g a l  and mo is tu re  
loads ,  and c e n t r i f u g a l ,  thermal ,  and mo is tu re  loads .  I n  t h i s  case, t he  thermal  
loads c l e a r l y  have the  dominant e f f e c t  on the  we igh t  o f  t h e  o p t i m a l  des ign .  

I n  o r d e r  t o  exped i te  t h e  o p t i m i z a t i o n  procedure,  which r e q u i r e s  a n a l y s i s  
o f  a l a r g e  number of t r i a l  des igns,  STAEBLIGENCOM uses a coarse-meshed f i n i t e  

5 



element b lade model. When STAEBL/GENCOM i s  a p p l i e d  
the  approx imate a n a l y s i s  should be v e r i f i e d  by a r e f  
i l l u s t r a t e d  i n  t h e  r i g h t  h a l f  o f  f i g u r e  1 .  

The s t r u c t u r a l  
p r a c t i c a l  approach 
env i ronmenta l  loads 
Dosi t e  b lade des ign  

CONCLUSIONS 

n a des 
ned ana 

t a i l o r i n g  code STAEBL/GENCOM p r o v i d e s  an 

gn env i ronment  , 
ys i s .  Th is  i s  

e f f e c t i v e  and 
o design-composi  t e  b lade s u b j e c t  t o  complex mechanical  and 

The l a r g e  number o f  des ign  v a r i a b l e s  assoc ia ted  w i t h  com- 
which i n c l u d e  b o t h  b lade  geometry d e s c r i p t i o n  v a r i a b l e s  

and composi te m a t e r i a l  des ign  v a r i a b l e s ,  can e a s i l y  be i n c o r p o r a t e d  i n t o  o p t i -  
m i z a t i o n  a l g o r i t h m s .  Both thermal  and m o i s t u r e  e f fec ts  can be modeled as p a r t  
o f  t h e  t a i l o r i n g  process.  The demonst ra t ion  cases demonstrate the  v e r s a t i  1 i t y  
and computa t iona l  c a p a b i l i t y  o f  STAEBL/GENCOM. 
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TABLE I. - COMPARISON BETWEEN DESIGNS OPTIMIZED FOR DIFFERENT LOADING CONDITIONS: 
DESIGN VARIABLES AND OBJECTIVE FUNCTION 

Outer 
Layer 1 
Layer 2 
Core 

I Percent Centr i  fugal  Centr i  fugal and Cent r i fuga l  and Cen t r i f uga l ,  thermal, 
span I only thermal 1 oads moi s tu re  1 oads and moisture loads 

0.09 45 
.09 0 
.10 45 

0 ---- 

13.08 
80 .27 7.88 .27 

100 .12 3.44 .12 

Mode 1 
Mode 2 
Mode 3 

Chord 

11.98 
13.28 

59.7 58.8 59.7 58.8 
238.3 229.2 238.3 229.1 
413.0 396.5 412.9 396.4 

Thickness 

11.80 
13.09 
7.88 

.12 3.44 .12 

Untwist ,  

Uncamber, 
deg 

deg 
Extension, 

i n .  

Chord 

11.98 
13.28 
7.99 
3.49 

0.15 0.08 0.15 0.08 

.03 .13 .03 .13 

.03 .05 .03 .05 

I 17.45 I 16.73 I 17.44 I I Blade weight I 16.73 

P ly  design f o r  a l l  
load cond i t ions  

1 P l v  

I I I 

TABLE 11. - COMPARISON BETWEEN DESIGNS OPTIMIZED FOR DIFFERENT LOADING CONDITIONS: 
RESPONSE VARIABLES 

I Centr i fugal  Cent r i fuga l  and Cent r i fuga l  and Cen t r i f uga l ,  thermal, I I loads only I thermal loads I moisture loads I and moisture loads 

I P l y  combined s t ress  margin o f  s a f e t y  I 
Outer 
Layer 1 
Layer 2 
Core 

0.44 
.74 
.28 
.66 

0.45 
.70 
.20 
.63 

0.44 
.74 
-28 
.66 

0.45 
.70 
.21 
.63 

I I I I 

Tip  d i  splacements 
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FIGURE 2. - COMPOSITE BLADE. 
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COMPOSITE MTERIAL PARAETERS 

* 10 

.10 

.10 

1 

45. 

0. 

45. 

0. 

I IN IT IAL  DESIGN I OPTMIZED DE- 

17.88 LB 

1 I N .  

~~~ 

16.73 LB 

OUTER 
LAYER 

LAYER 1 

LAYER 2 

CORE 

PLY COMBINED 
STRESS 

OUTER LAYER 

LAYER 1 
LAYER 2 

CORE 

/ 

/ 

/ 
- 01 
- O t - 0  

- 0 4  / 

- 0-0 / 

I 

-10 

-10 

.10 

I BLADE WEIGHT 

PLY ANGLE 11 
IN IT IAL  DESIGN 

0 OPTIHIZED DESIGN 

5 2  

v) In w 
L Y 

2 1  F 

0 20 40 60 80 100 
SPAN. PERCENT 
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COMPOSITE MATERIAL PARAMETERS 
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FIGURE 5. - COMPARISON BETWEEN INITIAL AND OPTIMIZED 
DESIGNS CENTRIFUGAL, THERMAL, AND MOISTURE LOADS. 
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